We present a comparison of late-type galaxies (Sa and later) in intermediate redshift clusters and the field using images from the Advanced Camera for Surveys (ACS) aboard the Hubble Space Telescope (HST). Cluster and field galaxies are selected by matching photometric and spectroscopic catalogs of four cluster fields: CL0152-1357, CL1056-0337 (MS1054), CL1604+4304, and CL1604+4321. Concentration, asymmetry, and clumpiness parameters are calculated for each galaxy in blue (F606W or F625W) and red (F775W or F814W) filters. Galaxy half-light radii, disk scale lengths, color gradients, and overall color are compared. We find marginally significant differences in the asymmetry distributions of spiral and irregular galaxies in the X-ray luminous and X-ray faint clusters. The massive clusters contain fewer galaxies with large asymmetries. The physical sizes of the cluster and field populations are similar; no significant differences are found in half-light radii or disk scale lengths. The most significant difference is in rest-frame U − B color. Late-type cluster galaxies are significantly redder, ∼ 0.3 magnitudes at rest-frame U − B, than their field counterparts. Moreover, the intermediate-redshift cluster galaxies tend to have blue inward color gradients, in contrast to the field galaxies, but similar to late-type galaxies in low redshift clusters. These blue inward color gradients are likely to be the result of enhanced nuclear star formation rates relative to the outer disk. Based on the significant rest-frame color difference, we conclude that late-type cluster members at z ∼ 0.9 are not a pristine infalling field population; some difference in past and/or current star formation history is already present. This points to high redshift "groups", or filaments with densities similar to present-day groups, as the sites where the first major effects of environment are imprinted.
INTRODUCTION
Understanding the physical processes that shape present day galaxies is one of modern astronomy's fundamental goals. Galaxy morphology is clearly related to environment (Dressler 1980; Postman & Geller 1984; Whitmore & Gilmore 1991) . Few gas-rich galaxies and relatedly, few galaxies with spiral morphologies are found in the cores of rich clusters. To what extent the environment drives galaxy evolution (nurture) or is simply a roadmap for the distribution of galaxy halo masses (nature) is being currently refined.
By observing clusters at high redshift we can directly observe dynamically young structures. There is substantial evidence that overall cluster galaxy populations evolve with redshift. Fractionally more blue galaxies are found in clusters at higher redshifts; this trend is the Butcher-Oemler (B-O) effect (Butcher & Oemler 1984) . However, cluster cores do not show a star-forming galaxy B-O effect (Nakata et al. 2005) , and the B-O effect depends sensitively on cluster radius (Ellingson et al. 2001; Nakata et al. 2005; Wake et al. 2005) . This implies that the Butcher-Oemler galaxies are infalling field galaxies, and indeed, some blue cluster galaxies have been iden-tified as such (Tran et al. 2005) . We test whether the late-type population in intermediate redshift clusters is an infalling field population by comparing the properties of cluster and field galaxies at z ∼ 0.9, currently the highest redshift where a substantial number of clusters are known.
At low redshift there is a color-density relation (e.g. Goto et al. 2004 ) similar to the well-known morphologydensity relation (Dressler 1980) , and widespread evidence that star formation rates are lower in cluster and group galaxies than in the field (Balogh et al. 1997 (Balogh et al. , 1998 Hashimoto et al. 1998; Couch et al. 2001; Lewis et al. 2002; Martínez et al. 2002) . The morphology-density, color-density, and star formation rate (SFR)-density relations may be caused by physical processes such as galaxygalaxy interactions and tidal stripping (Moore et al. 1998) , starvation (Larson et al. 1980; Bekki et al. 2002) , and/or ram pressure stripping (Gunn & Gott 1972; Quilis et al. 2000; Schulz & Struck 2001) . Alternatively, morphology, color, and SFR could be determined by the galaxy's halo mass, and this correlates strongly with galaxy density. Fortunately, large surveys have been able to address this issue. Environment is important in determining the evolution of all but the most massive galaxies (with M > 3 × 10 10 M ⊙ ) (Kauffmann et al. 2004; Tanaka et al. 2004 ), but we have yet to determine the physical mechanisms which are responsible for these observed environmental effects.
The study of galaxy properties and environment from the SDSS by Kauffmann et al. (2004) has shown that the galaxy property that is most sensitive to environment is star formation history. Star formation in galaxies less massive than 3 × 10 1 0 M ⊙ and in regions of enhanced local (< 1 Mpc) galaxy density appears to decline gradually over a long, 1-3 Gyr, timescale. This is indicated by the lack of variation in the relationships between indicators of current and recent star formation in all environments. This has important implications for the dominant transformation process(es). Ram pressure stripping is thought to operate on short, < 1 Gyr timescales, while other mechanisms, such as starvation or galaxy harassment, are thought to shut off star formation on longer timescales. However, as a caveat, recent simulations show that a truncated gas disk can persist for a few Gyr (Roediger & Hensler 2005) .
Another way to determine which physical processes drive galaxy evolution is to identify the physical characteristics of the regions in which galaxy properties change. Several groups have reported a "break" in the otherwise smooth distribution of the fraction of galaxies with Hα emission with local galaxy density (Gómez et al. 2003; Balogh et al. 2004; Tanaka et al. 2004) , with fewer Hα-emitters in higher density regions. However, among the population with significant star formation, no correlation between Hα equivalent width and density was found. The interpretation is that the timescale for the transition from star-forming to non-star-forming is rapid, < 1 Gyr. This is in conflict with the results of Kauffmann et al. (2004) that star formation is gradually extinguished.
Extending these studies to higher redshifts allows us to observe how these trends evolve and trace how they are established.
We now know that the morphology-density relation exists at intermediate redshifts (Dressler et al. 1997; Smith et al. 2005; Postman et al. 2005) , and evolves smoothly with redshift (Smith et al. 2005; Postman et al. 2005) . However, the elliptical fraction as a function of density does not evolve significantly (Postman et al. 2005) , and the change in the morphology-density relation between z ∼ 1 and the present-day universe is in the relative fractions of S0 and spiral+irregular galaxies. The trend of reduced SFR for galaxies in clusters is also established at these redshifts (Ellingson et al. 2001; Postman et al. 2001) , although the evolution of total cluster SFRs with redshift is not yet clear (Finn, Zaritsky, & McCarthy 2004; Kodama et al. 2004; Homeier et al. 2005; Finn et al. 2005) .
Detailed morphological measurements of cluster galaxies at z ∼ 1 have recently become possible with the installation of the Advanced Camera for Surveys (ACS; Ford et al. 2003 ) on the HST. The ACS intermediate redshift cluster survey probes 7 clusters in the redshift range 0.83 ≤ z ≤ 1.27. Previous papers in this series have discussed the evolution of the cluster colormagnitude relation at z = 1.24 (Blakeslee et al. 2003b) , the fundamental plane (Holden et al. 2005) , the sizesurface brightness relation for early-type cluster galaxies (Holden et al. 2005) , the star-forming cluster galaxy population (Homeier et al. 2005) , the cluster galaxy luminosity function (Goto et al. 2005) , and the morphologydensity relation (Postman et al. 2005) . In this paper we explore morphological similarities and differences between spiral and irregular galaxies at intermediate redshifts in galaxy clusters and in the field. We compare quantitative morphological measurements, physical sizes, Fig. 1 .-The visually classified T-type distributions for the combined cluster (dashed) and field (solid) samples. There is no significant difference in the T-type distributions. The median Ttype for the cluster sample is 4, and also for the field sample, 4. This illustrates that there is no significant difference in visual morphology between the field and cluster samples.
and colors of late-type galaxies in two X-ray luminous clusters at z = 0.84, two X-ray faint clusters at z = 0.9, and field galaxies at comparable redshifts. We aim to uncover whether these late-type cluster members have properties that make them distinct from late-type field galaxies, or if they are indistinguishable, in which case they are consistent with a pristine infalling field population. If they are already distinct from the field population, it supports the scenario where environmental changes impact galaxies on long, > 1 Gyr timescales.
OBSERVATIONS AND REDUCTIONS
CL0152-1357 (CL0152), CL1056-0337 (MS1054), CL1604+4304, and CL1604+4321 were observed with the ACS Wide Field Channel as part of a guaranteed time observation program (proposal 9290). CL1604+4304 and CL1604+4321 were observed with a single pointing in the V 606 and I 814 filters for two orbits each. For CL0152-1357 and MS1054, the observations were taken in a 2 × 2 (four pointing) mosaic pattern, with 2 orbits of integration in the r 625 (CL0152), 1 orbit of V 606 (MS1054), and 2 orbits each of i 775 and z 850 filters. The cluster cores were imaged for a total of 32 orbits in each filter because of the 1 ′ of overlap between the pointings. The data were processed with the Apsis pipeline (Blakeslee et al. 2003a ). Our photometry is calibrated to the AB magnitude system using zeropoints in Sirianni et al. (2005) . Object detection and photometry was performed by SExtractor (Bertin & Arnouts 1996) incorporated within the Apsis pipeline. A more detailed description can be found in Benítez et al. (2004) . We use isophotal magnitudes, MAG ISO, when quoting colors as they provide a more accurate measure of galaxy color, and MAG AUTO when quoting broad-band magnitudes, as this is the best estimate of a galaxy's total magnitude (Benítez et al. 2004 ).
Sample Selection
We list the properties of our sample galaxies in Tables 2-9, and show color cutouts in Figures ??-? ?. Fig-ures 10-17 will appear in the online manuscript, and are not in the astro-ph version.
Spectroscopic redshift catalogs were used to select cluster and field samples for CL0152-1357 (Demarco et al. 2005) , MS1054 (Tran et al. 1999 ), CL1604+4304 and CL1604+4321 Lubin et al. 1998; Postman et al. 2001) . Extensive visual morphology catalogs were created by MP (Postman et al. 2005) . Morphologies were determined visually on the T-type system (de Vaucouleurs et al. 1991) . All galaxies in the field with i 775 or I 814 ≤ 24 magnitude were classified. Approximately 10% of the galaxies were also classified by three independent classifiers to estimate the classification errors. Majority agreement was achieved for 75% of objects with i 775 ≤ 23.5. There was no significant offset between the mean classification from the independent classifiers. More information can be found in Postman et al. (2005) .
A T-type −5 ≤ T ≤ −3 corresponds to elliptical galaxies, −2 ≤ T ≤ 0 corresponds to lenticular (S0) galaxies, and T ≥ 1 to Sa and later-type galaxies. We selected field galaxies with visual morphological type Sa or later, T-type ≥ 1, and with redshifts between 0.55 ≤ z ≤ 1.1, and excluding the cluster redshift. Histograms of the Ttype distributions of cluster and field galaxies are shown in Figure 1 . There are no significant differences in the distribution of visually assigned T-types between any of the four cluster galaxy samples and their respective field samples. The median T-type of each sample is 3 − 4, except for the CL1604+4304 cluster and field samples, which have medians of 6. The median T-type for the combined cluster sample is 4, and for the combined field sample, also 4.
The field galaxy redshifts were obtained with the same masks as the cluster galaxy redshifts. The advantage of using a field galaxy sample which is taken from the same images as the cluster galaxies is that it minimizes the chance of systematic errors in population properties. The redshift completeness functions for MS1054, CL1604+4304, and CL1604+4321 depend only on R magnitude. There is a color term in the redshift completeness function for CL0152-1357. The mask selection was based on photometric redshift, and galaxies bluer than the red cluster sequence are less likely to have been observed (Demarco et al. 2005; Homeier et al. 2005) . About 1/3 of the spectroscopically confirmed late-type population is within 3σ of the red cluster sequence Homeier et al. (2005) . Also, in the CL0152-1357 redshift catalog, there is a galaxy group at z ∼ 0.64 (Demarco et al. 2005 ). We excluded 9 galaxies with redshifts 0.62 < z < 0.65 which were likely to be associated with this group. Our final combined field sample contains 71 galaxies.
CAS Parameters
We measured the Concentration (C), Asymmetry (A), and Clumpiness (S) parameters (Abraham et al. 1994; Bershady et al. 2000; Conselice 2003 ) for all cluster and field galaxies in our sample. Concentration is related to galaxy mass, asymmetry is related to interactions and mergers, and clumpiness is related to the current star formation rate (Conselice 2003) . The degree of concentration, asymmetry, or clumpiness increases as the value of the corresponding parameter increases. A public version of the CAS code is available at http://acs.pha.jhu.edu∼felipe/PYCA and described further in (Menanteau et al. 2005) .
C -Concentration
The concentration definition we use is from Abraham et al. (1994) . Concentration is defined as the sum of the galaxy flux within r 0.3 = 0.3 × r total divided by the total flux. We fit an ellipse to the Sextractor segmentation map; this is the aperture used for the total flux. The segmentation map includes all pixels assigned to the galaxy that are 1.5σ above the background. The inner radius, r 0.3 , is this aperture with the semi-major and semi-minor axes multipled by 0.3.
A -Asymmetry
Qualitatively, one calculates asymmetry by subtracting an 180-degree rotated image from the original image, summing the residuals, and including a correction for the background. We smooth each galaxy image with a gaussian kernel with a width of 1 pixel. This smoothed image is rotated by 180 degrees and subtracted from the smoothed, non-rotated image. The asymmetry forumla we use is, A = , where I is the smoothed image, I rot is this image rotated by 180 degrees, and B corr is a correction factor for the asymmetry signal of the background. B corr = √ 2 × Area × SKY RM S, and I t is the sum of the flux in the smoothed image. The asymmetry calculation uses only the pixels included in the Sextractor segmentation map.
S -Clumpiness
The clumpiness parameter is a measure of the high frequency residuals in a galaxy image. In our clumpiness calculation we subtract the Sextractor-created background image from the galaxy image. This backgroundsubtracted image is smoothed with a gaussian kernel with FWHM equal to 5% of the total radius (square root of the product of the semi-major and semi-minor axes of the Sextractor Kron aperture). The sum of the pixel values of this background-subtracted, smoothed image is divided by the sum of the pixel values unsmoothed background-subtracted image. Only pixels in the Sextractor segmentation map are used. A formula for the clumpiness parameter can be expressed as, S= 10 × (
, where the mask assures that negative pixels are set to zero before summing and that the central 3 × 3 pixels are excluded. The central region must be excluded to avoid obtaining anomalously high clumpiness values for galaxies which simply have larger central light concentrations (bulges). What we are interested in is the high frequency light variations from the outer regions of the galaxy, which are related to current star formation rate. We chose 3 × 3 pixels because it excludes the most problematic region for the majority of our galaxies. This value is then multiplied by 10.
RESULTS

Colors
Rest-frame color is a basic parameter of a galaxy and it reflects the integrated star formation history. To -Color magnitude diagrams for the cluster fields with the spectroscopically confirmed late-type cluster members as filled dots and the late-type field galaxies as filled squares. This illustrates the colors of the sample galaxies relative to all objects in the field. Note that some of the late-type galaxies are in the red cluster sequence.
compare the colors of the cluster and field galaxies we convert observed magnitudes to rest-frame magnitudes and then colors. We transformed the observed ACS r 625 −i 775 (CL0152), V 606 −i 775 (MS1054) and V 606 −I 814 (CL1604+4304,+4321) to rest-frame U − B (AB magnitudes) colors as follows. Using the IRAF task CAL-CPHOT, we redshifted the Kinney-Calzetti templates (S0, Sa, Sb, Starb1, and Starb2; Kinney et al. 1996) to the redshift of the galaxy and calculated the observed ACS magnitude using the appropriate filter transmission curves. Also using CALPHOT, we calculated U and B at z = 0. We then performed a linear fit of the observed ACS color (x-axis) with the rest-frame U or B magnitude minus the observed ACS magnitude (y-axis). In other words, because the observed ACS filters are close to rest-frame U and B filters, we can robustly calculate the difference between the observed ACS magnitude and the rest-frame U or B magnitude. These "corrections" depend somewhat on the spectral slope, which is probed by the observed color. The "corrections" are of the order of 0.5 magnitudes for both filters. In Figure 3 we show the observed colors and redshifts of our sample galaxies and how the observed colors for the Sb (dashed line) and Starb1 (solid line) templates vary with redshift. This illustrates that the chosen templates reasonably cover the range of expected spectral slopes of our sample galaxies.
The terms in the linear transformation equations are listed in Table 1 . The transformations are of the form 
where c is the observed color and mag blue and mag red are the observed magnitudes. For the cluster galaxies we used two transformation equations (for U and B) at redshifts 0.84 (CL0152 and MS1054) and 0.9 (CL1604+4304, +4321). Colors are calculated using the Sextractor isophotal magnitudes, but mag blue and mag red are Sextractor MAG AUTO magnitudes.
In Figure 4 we show a (U − B) z histogram, a restframe color-magnitude diagram, and a B z histogram for cluster (dashed line, open dots) and field (solid line, filled dots) galaxies. The field late-type sample is significantly bluer than the cluster late-type sample. Although they also have a slightly different distribution of absolute B magnitude, at a given absolute magnitude the cluster galaxies are redder, as can be seen in the middle panel of Figure 4 . There is no significant difference in color distribution between the late-type galaxies in the X-ray luminous and X-ray faint clusters.
The mean rest-frame U − B colors of the cluster and field samples are 0.83 and 0.59 magnitudes, respectively. This difference is highly significant, the K-S test definitely ruling out the null hypothesis that the two samples are drawn from the same parent population, even if we restrict the samples to galaxies with B z ≤ −20 (confidence level greater than 99.99%).
However, as mentioned in § 2.1, the redshift completeness for the CL0152 cluster sample is not uniform with magnitude; redder galaxies were more likely to have been observed. This should affect both the cluster and field sample in the CL0152 field, but if we are conservative and exclude the CL0152 cluster galaxies from the combined cluster sample, we still find a highly significant difference between the cluster and field samples. In this case, the mean rest-frame U − B color of the cluster sample is 0.77 magnitudes, compared to 0.59 magnitudes for the field. This gives confidence limit of 99.98%. Including the magnitude cut of B z ≤ −20, we have a confidence limit of 99.7%. This difference persists when the late-type galaxies in the red cluster sequence are excluded. If we include only those galaxies with (U − B) z ≤ 1, which removes the red cluster sequence members, this color difference is still highly significant (99.8%). In this case the mean restframe U − B colors are 0.68 and 0.53 magnitudes for the cluster and field samples, respectively. Our robust result is that there is a significant offset in rest-frame U − B color between the cluster and field late-type galaxies, in the sense that the cluster galaxies are redder. We found no correlation between rest-frame U −B color and cluster radius or local galaxy density.
Cluster-Field CAS Comparison
Depending on the physical processes affecting cluster galaxies, we might expect offsets from field galaxies in one or more of the CAS parameters. For example, in the low-redshift universe, there is evidence that spiral galaxies in clusters are smoother than their field counterparts (Goto et al. 2003; McIntosh et al. 2004 ) (S ↓), but some galaxies also have enhanced central star formation (Moss & Whittle 2000; McIntosh et al. 2004; Koopmann & Kenney 2004) , which may lead to greater concentration (C ↑). If galaxy-galaxy interactions are important in clusters, cluster galaxies will have greater There is a significant difference in rest-frame U − B color between the cluster and field samples. Although there is also a difference in the range of absolute B magnitude (panel (c)), in panel (b) we can see that at a given B magnitude the cluster galaxies are significantly redder. See text for a discussion of the high significance of this color difference.
asymmetries (A ↑).
In Figure 5 we show histograms of the CAS parameters for galaxies in the field (solid lines), the X-ray faint clusters (CL1604+4304 and CL1604+4321, dashed lines), and the X-ray luminous clusters (CL0152 and MS1054; dotted lines). The distributions of C and S are indistinguishable between any of the groupings (cluster/field, X-ray faint/luminous, X-ray faint/field, X-ray luminous/field) in the blue and red filters (rest-frame U and B). In both blue and red filters there are marginally significant differences between the asymmetry distributions of the combined cluster and field samples, and between the X-ray luminous and X-ray faint clusters.
In the blue filter, the late-type galaxies in the field are more asymmetric than the late-type galaxies in the X-ray luminous clusters (98%), and the late-type galaxies in the X-ray faint clusters are more asymmetric than those in the X-ray luminous clusters (99%). These trends are also marginally significant in the red filter: X-ray luminous vs. field (99.2%), X-ray luminous vs. X-ray faint (92%). There is no significant difference in the asymmetry distributions of the field and the X-ray faint clusters.
We tested whether the difference in asymmetry between the two cluster samples could be due to the difference in filters; F606W is used for CL1604+4304,+4321, and MS1054, while F625W is used for CL0152. A comparison of MS1054 and CL0152, both at z = 0.84, with a K-S test shows that we cannot rule out that they are drawn from the same parent population. Therefore, the asymmetry difference cannot be attributed to a difference in filter characteristics.
To recap, the late-type galaxies in the X-ray faint clusters tend to be more asymmetric than their counterparts in the X-ray luminous clusters. If these trends are confirmed after the cluster and field sample sizes are increased, then one possibility for the higher asymmetry values is a greater importance of galaxy-galaxy interactions in these low-mass clusters and in lower density environments, presumably due to the lower relative velocities. The X-ray luminous clusters also have asymmetry distributions that are significantly different than the field, however, in the next section we show that this is related to the color difference between the two samples.
Asymmetry and Rest-frame Color
We find a significant difference in asymmetry between the field and X-ray luminous cluster galaxy samples. However, in § 3.1 we showed that there is a significant rest-frame color difference between the cluster and field samples, and in this section we show that this is related to the offset in asymmetry between the X-ray luminous clusters and the field. In Figure 6 we show rest-frame U − B color vs. asymmetry measured in the blue filter for the field (solid dots) and cluster (open dots) galaxies. These two parameters are not independent for the cluster sample. The reddest cluster members have low asymmetries, as might be expected. If we now compare only galaxies bluer than U − B = 1, the asymmetry distributions of the field and X-ray luminous cluster samples are indistinguishable. But the asymmetry distributions of the X-ray faint and X-ray luminous clusters are still significantly different (98.7%). There are marginally significant (2 − 2.5σ) differences in the asymmetry distributions of the combined CL0152,MS1054 and CL1604+4304,+4321 samples (respectively, the X-ray luminous and X-ray faint clusters). There are also significant differences in the asymmetry distributions of the X-ray luminous cluster galaxies and the field galaxies, which is related to the rest-frame color difference. See text for a discussion.
Asymmetry and Local Galaxy Density
Here we attempt to determine if the asymmetry difference between the two cluster samples could be due to variations in local galaxy density, as measured by Postman et al. (2005) . In Figure 7 we plot rest-frame U asymmetry versus local galaxy density for the X-ray faint (stars) and X-ray luminous (filled circles) clusters. The local galaxy densities were measured using a statistical background subtraction, which is described in Postman et al. (2005) . There is no statistically significant difference between the local galaxy densities of the two samples.
Physical Sizes
In this section we compare the sizes of cluster and field late-type galaxies. We might expect that disk galaxies in clusters will be smaller due to stripping of stars from galaxy harassment or galaxy-galaxy interactions, a direct effect, or indirectly from the stripping of disk gas, Comparison of the X-ray faint (solid dots) and X-ray luminous cluster galaxies (open dots). When galaxies bluer than U − B = 1 are compared, no significant difference in asymmetry between the two samples is found. Fig. 7. -Asymmetry values vs. local galaxy density in units of galaxies per Mpc −2 . Dots are CL0152 and MS1054 cluster galaxies, and stars are CL1604+4304 and +4321 cluster galaxies. Local galaxy density measurements are from Postman et al. (2005) . The densities are calculated with a statistical background subtraction.
preventing future star formation. Indeed, there is some observational evidence that galaxies in the Coma cluster have smaller disks than field galaxies (Gutiérrez et al. 2004) .
We compared galaxy sizes in two ways. First, we compared half-light radii from Sextractor, defined as the radius of a circular aperture which encloses 50% of the light. The mean and median half-light radii for all samples in both blue and red filters is approximately 3 kpc (no correction for the PSF was made), with no significant differences between the samples.
We also fit PSF-convolved 2D bulge+disk models to the spiral (but not irregular) galaxies using the GALFIT routine (Peng et al. 2002) . However, as one can see from the color cutouts in the Appendix, even the spiral galaxies have significant substructure. Many galaxies were not successfully fit with disk or bulge+disk profiles due to bright HII regions and asymmetric structure. This is because we are observing in the rest-frame U and B, where star formation is most apparent. For the galaxies which were successfully fit with disk or bulge+disk models, we compare the disk scale lengths in Figure 8 .
In the blue filter, the results of K-S test comparison are that all samples are consistent with being drawn from the same parent population. In the red filter, a K-S test indicates that the probability that the X-ray faint and field disk scale lengths are not drawn from the same parent population is 92%. We do not consider this to be significant, and thus conclude that we find no evidence for any significant differences in disk sizes between the clusters and the field, in either the rest-frame U or B. In summary, the sizes of field and cluster galaxies as measured by half-light radii or disk scale length are indistinguishable.
Color Gradients
There is evidence at z < 0.1 that the color gradients of star-forming cluster and field galaxies differ, with field galaxies having red inward color gradients and cluster galaxies having blue inward color gradients (McIntosh et al. 2004 ). This suggests that the cluster galaxies have larger nuclear star formation rates relative to their outer disks, and is of interest in the discussion of the dominant environmental processes that affect gasrich cluster galaxies, as well as the growth of bulges and central black holes. Here we test whether the late-type cluster population at z ∼ 0.9 shows evidence for possessing the same pattern of relatively enhanced nuclear star formation rate by examining their color gradients. The difference in half-light radii at blue and red wavelengths gives a rough measure of the color gradient. We define the color gradient estimate (CGE), CGE= 10×log[ In the left panel of Figure 9 we show the CGE distributions for the cluster (dashed line) and field galaxies (solid line). Interestingly, the field galaxies tend to have There are no statistically significant differences between any of the samples, and also note that our sample size is small. red inward color gradients, similar to field galaxies at low redshifts (de Jong 1996; Moth & Elston 2002) , most of which are late-type. It should be stressed that this rough estimate of color gradient measures color relatively within a given galaxy. For example, if all cluster galaxies had positive values of CGE (blue inward) and all field galaxies had negative values (red inward), this would not necessarily mean that cluster galaxies have bluer centers than field galaxies, only that cluster galaxies have blue centers relative to the colors of their outer disks.
From Figure 9 it appears that more cluster galaxies have blue inward color gradients, but the difference between the overall field and cluster populations is not statistically significant. A K-S test indicates that the two distributions are not drawn from the same parent population at the 82% level, which we do not consider to be significant. The Wilcoxon rank-sum test, also referred to as the Mann-Whitney U-test, which is more sensitive to differences in the mean of distributions, finds a difference of approximately the same significance; the populations have a 85% probability of not having the same mean of distribution, which we also do not consider significant. If we choose our sample to include only those galaxies with rest-frame U −B < 1.0, effectively removing the red cluster sequence members, then the difference in color gradient is much more significant, as shown in the right panel of Figure 9 . Here a K-S test shows a significant (97%) difference between the distributions of CGE; more of the blue cluster galaxies have blue inward color gradients. However, this cluster sample is still significantly redder than the field sample.
Any difference in color gradient should be due to a difference in the pattern of star formation. Relatively blue centers in the cluster galaxies could indicate enhanced nuclear star formation. The evidence for the existence of enhanced nuclear star formation in Virgo spirals (Koopmann & Kenney 2004) , late-type galaxies in Abell clusters (Moss & Whittle 2000) , indicates that this is a possible interpretation of our results.
We note that color gradient differences between cluster and field early-type, or spherodial, galaxies have also been found, but in an opposite sense. Some fraction (∼ 30%) of field early-type galaxies have blue inward color gradients that indicate a later or more extended formation epoch, whereas cluster early-type have the red inward color gradients expected from metallicity gradients (Menanteau et al. 2001 (Menanteau et al. , 2004 .
In summary, compared to the field late-type galaxies, we find that more cluster late-types have blue centers relative to the color of their outer disks. These relatively blue centers could indicate enhanced nuclear star formation rates, perhaps from gas driven in to the galaxy centers from tidal forces. They could also be the result of truncated gas disks like those seen in Virgo spirals (Koopmann & Kenney 2004 ).
DISCUSSION AND CONCLUSIONS
We find a difference in the rest-frame U and B asymmetry distributions of the spiral and irregular galaxies in the X-ray luminous (CL0152 and MS1054) and the X-ray faint (CL1604+4304 and CL1604+4321) clusters. The significance of these differences is marginal. However, a visual examination of the galaxies in these four clusters seems to confirm that at least the CL1604 system includes more peculiar systems (such as "comet-like" shapes) than CL0152 and MS1054.
An increase in the sample size of clusters is needed to confirm or refute this result, but if confirmed, it would provide evidence for an increased importance of interactions in low-mass clusters and the field relative to highmass clusters at intermediate redshifts. Qualitatively, this may be plausible, as the relative velocities should be smaller in less massive clusters (σ v ∝ M 1/2 ). However, the magnitude of the difference in velocity dispersion between these clusters is small, and complicated by substructure. For example, the total velocity dispersion for CL0152 is ∼ 1600 km s −1 (Demarco et al. 2005 ), but can be decomposed into three subclumps with velocity dispersions ranging from 300 − 900 km s −1 (Girardi et al. 2005) . The velocity dispersion for MS1054 is ∼ 1100 − 1200 km s −1 (Tran et al. 1999) , while for CL1604+4304 and CL1604+4321 the velocity dispersions are ∼ 960 and ∼ 650 km s −1 (Gal & Lubin 2004) , respectively. Since CL1604+4321 dominates the X-ray faint cluster sample, the difference in velocity dispersion between the two composite clusters (X-ray faint and X-ray luminous) is about a factor of 2.
Most significantly, the color distributions of the cluster and field spiral/irregular galaxies differ, with the cluster sample being significantly redder. At the same time, we tentatively find that more cluster galaxies have blue inward color gradients, possibly indicating enhanced central star formation relative to the outer disk.
To interpret these results, it is useful to consider observations of cluster spirals in the local universe, where we have the best chance of studying environmental processes in detail. Using Hα imaging of Virgo cluster spirals, Koopmann & Kenney (2004) showed that the reduction in overall SFR for spiral galaxies in local clusters is due to a truncation of the gas disk. Star formation rates in the centers of spiral galaxies in the cluster and field are similar, but the lack of gas at outer radii in cluster spirals means that the overall SFRs are suppressed. The physical mechanism identified as responsible for this gas disk truncation is ram pressure stripping, which could be aided by tidal loosening of the outer gas (Koopmann & Kenney 2004) . Also, color gradients in low-redshift cluster and field galaxies with overall blue colors differ, with field galaxies having red inward color gradients and cluster galaxies having blue inward color gradients (McIntosh et al. 2004 ). This may be circumstantial evidence that these blue cluster galaxies have relatively enhanced nuclear SFRs similar to Virgo spirals.
There is other evidence that gas is driven to the centers of cluster spirals and causes circumnuclear starbursts. The study of low-redshift Abell clusters by Moss & Whittle (2000) found that enhanced nuclear star formation, as traced by Hα emission, was correlated with either a bar, or disturbed galaxy morphology, which they concluded was evidence for ongoing tidal interactions. However, they found an increase in galaxies classified as peculiar with increasing local galaxy density, something which is not consistent with the overall morphologydensity relation. Tran et al. (2005) studied the MS 2053 cluster system at z = 0.587 and concluded that the spiral/merger galaxy population in MS 2053-B is indistinguishable from the field in terms of colors, luminosities, sizes, and [OII] λ3727 EW. They conclude that this is an infalling field population. However, the colors of the spiral/merger population in the more massive MS 2053-A are different than those in MS 2053-B and the field. They are redder on average, similar to what we find here.
We interpret these findings as evidence that although some blue cluster galaxies may be identified as infalling field galaxies, as an ensemble, the late-type cluster members at intermediate redshifts are not a pristine infalling field population. There are significant differences between cluster and field late-type galaxies even at these redshifts. Most of the cluster late-type galaxies are more than two standard deviations away from the observed red cluster sequence, meaning that these are Butcher-Oemler galaxies. Even given such blue colors, they are still redder than field galaxies.
This may be further evidence for the separate evolution of color and morphology (e.g. Goto et al. 2003 , McIntosh et al. 2004 in high density environments. The evolution in color occurs faster than the evolution in morphology. This is puzzling, because the only mechanisms which would affect a galaxy's color on a longer timescale than its morphology will also alter the gas content. The only mechanisms which could alter the gas content and not the morphology (at least directly) are ram-pressure stripping and starvation. But these are not expected to be important because the morphology-density and colordensity relations are in place in low density regions where ICM or intra-group medium pressure is negligible. If the ICM is unimportant, but color differences occur in lower density regions than morphology differences, does this mean that nature is more important than nurture?
Our comparison of cluster and field late-type galaxies at intermediate redshift shows that while the cluster galaxies are similar in most physical parameters, they are signficantly redder. The color transformation is perhaps occuring at these or higher redshifts in lower density groups, with clusters accreting such groups with "preprocessed" galaxies along filaments (e.g. Kodama et al. 2001) .
Our main conclusions are as follows.
• The late-type cluster population is redder than the late-type field population. This is our most significant result. The mean rest-frame U − B color difference is 0.34 magnitudes between the combined cluster (X-ray luminous and X-ray faint) and field U−B < 1.0 All galaxies Fig. 9. -Comparison of the field (solid line) and cluster (dashed line) color gradients. In the left panel, we compare the complete samples. In the right panel, we only include those galaxies bluer than U − B = 1, effectively removing the red cluster sequence galaxies. There is no statistically significant difference between the complete cluster and field samples, and a marginally significant difference in the blue samples (97%). The blue cluster galaxies tend to have blue inward color gradients.
samples. Although individual galaxies may be infalling from the field, as an ensemble, they cannot be identified as a pristine infalling population.
• At both rest-frame U and B, we find a marginally significant difference (98%, 99%) in the asymmetry distributions of the late-type galaxies in the X-ray luminous clusters and the field. Late-type galaxies in X-ray luminous clusters have lower asymmetries than those in the field. However, this difference can be completely attributed to the difference in restframe color. Considering only those galaxies bluer than U − B = 1, which removes the red cluster sequence galaxies, the asymmetry distributions are indistinguishable.
• At both rest-frame U and B, we find a marginally significant difference (99%, 92%) in the asymmetry distributions of the late-type galaxies in the Xray luminous clusters and the X-ray faint clusters. Galaxies in the X-ray faint clusters have larger asymmetry values than those in X-ray luminous clusters. This asymmetry difference persists when the red cluster sequence galaxies are removed and only the blue galaxies are considered (99%). If confirmed when the cluster and field sample sizes are increased, this could point to a greater importance of interactions in lower density regions at these redshifts.
• We find no significant differences between any of the samples in concentration or clumpiness at restframe U and B.
• Physical sizes of field and cluster late-type galaxies are similar. We find no significant difference in galaxy size as measured by half-light radii and disk scale lengths.
• Considering only the blue (U − B < 1) cluster and field galaxies, we find a marginally significant difference in the distributions of color gradients for the cluster and field late-type populations. We find that more blue cluster galaxies have bluer inward gradients, possibly indicating enhanced nuclear star formation as is seen in low redshift clusters (Koopmann & Kenney 2004; McIntosh et al. 2004 ).
While similar in structure, physical size, and luminosity, the infalling late-type galaxies in the outer cluster regions are redder and appear to have had a different star formation history than their late-type field counterparts. This suggests that their assembly has already been influenced by the somewhat denser environment in which they evolved.
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